Introduction {#sec1}
============

Microencapsulation is important for various industrial sectors, including orally administered drugs,^[@ref1]^ agrochemicals,^[@ref2],[@ref3]^ and laundry products.^[@ref4],[@ref5]^ This approach enables the controlled release of active components and can also prevent premature deactivation of mutually incompatible reagents such as enzyme denaturation by bleach in liquid laundry formulations.^[@ref6]^ In particular, liposomes^[@ref7]^ and block copolymer vesicles^[@ref8]−[@ref16]^ (a.k.a. "polymersomes") are some of the most widely used carriers evaluated for drug delivery applications.^[@ref17]−[@ref21]^ Such hollow nanoparticles can be loaded with water-soluble drugs,^[@ref22]−[@ref24]^ hydrophilic dyes,^[@ref25]^ oligonucleotides,^[@ref24],[@ref26],[@ref27]^ enzymes,^[@ref28]^ antibodies,^[@ref29]^ or magnetic nanoparticles.^[@ref30]^ In another example, gold nanoparticles and a fluorescent probe (calcein) have been loaded within liposomes and subsequently released using near-infrared light.^[@ref31]^ This radiation is absorbed by the gold nanoparticles and converted into heat: the local rise in temperature causes the liposomal bilayers to become leaky, which triggers release of the calcein (and the gold nanoparticles).

Over the past five years or so, polymerization-induced self-assembly (PISA) has become established as a powerful tool for the rational design and efficient synthesis of a wide range of diblock copolymer nano-objects in either aqueous or nonaqueous media.^[@ref16],[@ref32]−[@ref34]^ Of particular relevance to the present study, RAFT aqueous dispersion polymerization can be utilized to prepare diblock copolymer vesicles directly in water at copolymer concentrations of up to 25% w/v solids.^[@ref35]−[@ref39]^ Periodic sampling during such syntheses has confirmed a progressive evolution in copolymer morphology: transmission electron microscopy (TEM) studies reveal that the transformation of highly anisotropic worms into well-defined vesicles proceeds via a so-called "jellyfish" intermediate.^[@ref36]^

We recently reported the successful *in situ* encapsulation of silica nanoparticles within poly(glycerol monomethacrylate)-poly(2-hydroxypropyl methacrylate) (PGMA--PHPMA) diblock copolymer vesicles prepared via PISA.^[@ref40]^ These vesicles were synthesized at 10% w/w solids in the presence of 0--35% w/w silica nanoparticles followed by extensive purification via six centrifugation--redispersion cycles. Small-angle X-ray scattering (SAXS), disk centrifuge photosedimentometry, and cryo-TEM studies confirmed successful silica encapsulation within the vesicle lumen.

Given their biocompatibility and commercial availability, silica nanoparticles constitute a useful model cargo. Moreover, their high electron contrast aids TEM studies, they scatter X-rays strongly which facilitates SAXS analysis, and their excellent thermally stability enables convenient quantification via thermogravimetric analysis. Furthermore, silica nanoparticles are potentially an "active" payload. Recently, Rose et al.^[@ref41]^ reported that strong adhesion between a freshly cleaved hydrogel can be rapidly achieved at ambient temperature simply by spreading an aqueous droplet containing silica nanoparticles on one of the two surfaces of the cleaved gel prior to contact. This approach can also be used for biological tissues such as calf's liver, which suggests potential biomedical applications. However, silica nanoparticles encapsulated within block copolymer vesicles must be first released to become available for such tissue repair. It is well-known that certain vesicles can undergo morphological transitions when exposed to an external stimulus such as temperature,^[@ref42]−[@ref44]^ light,^[@ref45]^ salt,^[@ref46],[@ref47]^ or pH.^[@ref11],[@ref13],[@ref44],[@ref48],[@ref49]^ Herein we use time-resolved SAXS to monitor the rate of release of silica nanoparticles encapsulated within PGMA--PHPMA diblock copolymer vesicles by utilizing a thermally triggered morphological transition. A remarkable range of physical behavior is observed depending on the initial concentration of silica nanoparticles within such vesicles.

Experimental Details {#sec2}
====================

Materials and Methods {#sec2.1}
---------------------

### Materials {#sec2.1.1}

All reagents were used as received unless otherwise stated. 4,4′-Azobis-4-cyanopentanoic acid (ACVA) and 2-cyano-2-propyl dithiobenzoate (CPDB) were purchased from Sigma-Aldrich (UK). Ethanol and dichloromethane were purchased from Fisher Scientific (UK). Glycerol monomethacrylate (GMA; 99.8% purity; 0.06 mol % dimethacrylate impurity) was kindly donated by GEO Specialty Chemicals (Hythe, UK) and used without further purification. 2-Hydroxypropyl methacrylate (HPMA) was purchased from Alfa Aesar (UK) and contained 0.07 mol % dimethacrylate impurity, as judged by HPLC analysis. CD~3~OD was purchased from Goss Scientific (UK). Bindzil colloidal silica (CC401; supplied as a 40% w/w aqueous dispersion; manufacturer's nominal particle diameter = 12 nm) was kindly donated by AkzoNobel Pulp and Performance Chemicals AB (Bohus, Sweden). 2,2′-Azobis\[2-(2-imidazolin-2-yl)propane\] dihydrochloride (VA-044) was purchased from Wako Specialty Chemicals (Japan). Deionized water (pH 6.2; surface tension = 72.0 mN m^--1^ at 20 °C) was obtained using an Elga Elgastat Option 3A water purifier.

### Synthesis of Silica-Loaded G~58~H~250~ Diblock Copolymer Vesicles {#sec2.1.2}

Such syntheses were described in detail in our recent work.^[@ref40]^ The protocol used for a 20% w/w aqueous silica dispersion is representative and is described here. G~58~ macro-CTA (0.200 g, 0.021 mmol), HPMA monomer (0.758 g, 5.26 mmol), CC401 silica sol (4.80 g, 40% w/w aqueous dispersion), and deionized water (3.84 g) were weighed into a sample vial and purged with N~2~ for 20 min. ACVA was added (1.18 mg, 0.0042 mmol, CTA/ACVA molar ratio = 5.0) and purged with N~2~ for a further 10 min prior to immersion in an oil bath set at 70 °C for 2 h. Finally, the HPMA polymerization was quenched by cooling to room temperature with subsequent exposure to air. The protocols used for the 0, 5, 10, and 30% w/w aqueous silica dispersion formulations are the same, except the relative amounts of silica sol and deionized water are varied (see Table S1 in the [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acs.macromol.7b00475/suppl_file/ma7b00475_si_001.pdf)). To remove excess, nonencapsulated silica nanoparticles, the vesicles were diluted from 10% w/w to 1.0% w/w prior to performing six centrifugation--redispersion cycles (9000 rpm for 20 min for each cycle).

Copolymer Characterization {#sec2.2}
--------------------------

### Dynamic Light Scattering (DLS) {#sec2.2.1}

Intensity-average hydrodynamic diameters were recorded for aqueous copolymer dispersions and determined using a Malvern Zetasizer NanoZS instrument. Dilute aqueous dispersions (0.10% w/w) were analyzed at 25 °C using disposable cuvettes, and all data were averaged over three consecutive runs to give the hydrodynamic diameter (*D*~h~).

### Transmission Electron Microscopy (TEM) {#sec2.2.2}

As-synthesized copolymer dispersions were diluted at 25 °C to generate 0.10% w/w dispersions. Copper/palladium TEM grids (Agar Scientific, UK) were surface-coated in-house to produce a thin film of amorphous carbon. The grids were then plasma glow-discharged for 30 s to create a hydrophilic surface. Individual samples of aqueous copolymer dispersions (0.1% w/w, 12 μL) were adsorbed onto the freshly glow-discharged grids for 20 s and then blotted with filter paper to remove excess solution. To stain the copolymer dispersions, uranyl formate solution (0.75% w/v; 9 μL) solution was placed on the sample-loaded grid for 20 s and then carefully blotted to remove excess stain. The grids were then dried using a vacuum hose. Imaging was performed at 100 kV using a Phillips CM100 instrument equipped with a Gatan 1 K CCD camera.

### Small-Angle X-ray Scattering (SAXS) {#sec2.2.3}

SAXS patterns were recorded at a synchrotron (ESRF, station ID02, Grenoble, France). A monochromatic X-ray beam (λ = 0.0995 nm) and a 2D SAXS detector (Rayonix MX-170HS) were used for these experiments. A *q* range of 0.004--2.0 nm^--1^ was used for measurements, where *q* = (4π sin θ)/λ corresponds to the modulus of the scattering vector and θ is half of the scattering angle. For these time-resolved measurements, a glass capillary of 2 mm thickness was inserted into a heating stage (HFSX350-CAP, Linkam Scientific Instruments, Tadworth, UK). X-ray scattering data were reduced (integration, normalization, and background subtraction) using standard routines available at the ID02 beamline. The scattering intensity of water was used for absolute scale calibration of the X-ray scattering patterns. Irena SAS macros^[@ref50]^ for Igor Pro were utilized for modeling and further SAXS analysis. Copolymer vesicle dispersions were diluted from 10% w/w (as-synthesized) to 1.0% w/w and then subjected to six centrifugation--redispersion cycles prior to data collection. For time-resolved studies, dilute aqueous dispersions were cooled to 0 °C for 30 min with SAXS patterns being collected every 15 s.

Results {#sec3}
=======

For the sake of brevity, a shorthand notation is utilized throughout this article to describe the copolymer. Thus, G~58~H~250~ represents a PGMA--PHPMA diblock copolymer, where 58 and 250 indicate the mean degrees of polymerization (DP) of the two respective blocks.

The thermoresponsive behavior of 1.0% w/w copolymer dispersions of both empty and silica-loaded G~58~H~250~ vesicles (originally prepared via PISA at 10% w/w copolymer in the presence of either 5, 10, 20, or 30% w/w silica nanoparticles, followed by purification via multiple centrifugation--redispersion cycles to remove excess free silica) was examined by cooling to approximately 0 °C using an ice bath. The initial vesicle dispersions were turbid at room temperature, as expected. After cooling for 30 min, the samples prepared in the presence of either 0 or 5.0% w/w silica were no longer turbid, whereas those prepared using 10, 20, and 30% w/w silica remained turbid.

TEM images and dynamic light scattering (DLS) studies indicated that the empty and silica-loaded G~58~H~250~ vesicles each had a mean hydrodynamic diameter (*D*~h~) of approximately 390 nm at 25 °C (see [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}). However, when the empty vesicles were cooled in ice for 30 min, spheres were obtained with a *D*~h~ of 60 nm (see [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}). This morphological transition was expected because a mean degree of polymerization of 250 was targeted for the structure-directing PHPMA block so as to produce vesicles that lie close to the worm--vesicle phase boundary.^[@ref44]^ Cooling leads to greater surface plasticization of the PHPMA membranes, which results in a thermally triggered morphological transition to produce either worms or spheres.

![Chemical structure of PGMA~58~-PHPMA~250~ diblock copolymer, TEM images and schematic cartoons of silica-loaded G~58~H~250~ diblock copolymer vesicles synthesized in the presence of varying amounts of silica nanoparticles (0--30% w/w silica) after six centrifugation--redispersion cycles to remove excess silica, before (left) and after (right) being held in ice for 30 min. Dynamic light scattering hydrodynamic diameters and associated polydispersities are stated in the inset of each TEM image.](ma-2017-00475c_0001){#fig1}

Similar observations were made for the silica-loaded G~58~H~250~ diblock copolymer vesicles synthesized in the presence of 5.0% w/w silica nanoparticles. After cooling to 0 °C for 30 min, a mixture of pseudo-spherical copolymer nanoparticles and free silica nanoparticles can be observed by TEM (see [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}). Moreover, the *D*~h~ is reduced from 364 nm at 25 °C to 62 nm after 30 min at 0 °C. These results confirm that the silica-loaded vesicles dissociate to form spheres under these conditions, thus releasing the encapsulated silica nanoparticles.

For the silica-loaded G~58~H~250~ vesicles synthesized in the presence of 10% w/w silica, worm-like aggregates and free silica nanoparticles are observed by TEM after 30 min at 0 °C (see [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}). Furthermore, for silica-loaded G~58~H~250~ vesicles synthesized in the presence of 20 or 30% w/w silica, TEM analysis suggests that at least some of the vesicles remain intact, despite apparent release of the encapsulated silica nanoparticles (see [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}). In both cases, DLS studies indicate little change in *D*~h~. However, close inspection reveals that the remaining vesicles after cooling to 0 °C for 30 min appear to have perforated membranes (see cartoon in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}). Prior to this study, we did not anticipate that the encapsulated silica payload might affect the thermally triggered morphological transition because the vesicles comprise the same G~58~H~250~ copolymer composition in all cases. However, both TEM images and DLS studies indicate that increasing the silica payload leads to qualitatively different thermoresponsive behavior.

Both Derry et al.^[@ref51]^ and Förster and co-workers^[@ref52]^ have recently reported that time-resolved SAXS can be used to monitor changes in block copolymer morphology over time. Thus, in order to gain a better understanding of the silica release mechanism(s), time-resolved SAXS studies were conducted on the G~58~H~250~ vesicles prepared via PISA at 10% w/w copolymer in the presence of either 0, 5, or 30% w/w silica nanoparticles. If required, these dispersions were purified to remove excess silica via multiple centrifugation--redispersion cycles, then diluted to 1.0% w/w copolymer, and cooled to 0 °C for 30 min while recording SAXS patterns at 15 s intervals.

SAXS patterns obtained for the empty G~58~H~250~ vesicles suggest that they remained intact for up to 5 min at 0 °C. Selected SAXS patterns (recorded after 0, 2.5, and 5 min) were fitted using a vesicle model,^[@ref53]^ which provided satisfactory data fits (see [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}). The radius from the center of the vesicle to the center of the membrane, *R*~m~, remained relatively constant, while the mean vesicle membrane thickness, *T*~m~, was reduced from 15.9 ± 2.5 to 10.9 ± 3.6 nm over time at 0 °C. The volume fraction of water within the membrane, *x*~sol~, increased from 0.16 to 0.69 after 5 min at 0 °C. This indicates greater hydration of the membrane-forming PHPMA block, as previously reported by Blanazs et al. for G~54~H~140~ worms at 4 °C.^[@ref54],[@ref55]^ After 5 min, the highly plasticized vesicles begin to dissociate: worms are formed after 8.75 min at 0 °C, as indicated by the gradient in the *I*(*q*) vs *q* plot tending to negative unity at low *q*.^[@ref56]^ An established worm-like micelle model^[@ref57]−[@ref59]^ provided a reasonably good fit to the corresponding scattering pattern (see [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}; data set recorded after 8.75 min). The worm cross-section radius, *R*~wcs~, was determined to be 9.0 ± 3.1 nm, with a mean worm contour length, *L*~w~, of 349 nm and a worm Kuhn length, *K*~w~, of 76.2 nm. The water volume fraction *x*~sol~ was determined to be 0.88 for the worms, which is significantly higher than that observed for the vesicles. Such vesicle-to-worm transitions are believed to be the result of *surface plasticization* of the membrane, which leads to an increase in the effective stabilizer block DP and hence a reduction in the packing parameter.^[@ref44]^ After 10 min at 0 °C, a spherical dimer model^[@ref43]^ produced a good fit to the SAXS pattern ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}, 10 min), indicating worm dissociation according to the model proposed by Blanazs et al.^[@ref55]^ The worm core radius, *R*~s~, and *x*~sol~ were determined to be 11.2 ± 4.2 nm and 0.89, respectively. The low *q* gradient tends to zero for all SAXS patterns collected after 12.5 min, indicating the formation of approximately spherical particles.^[@ref56]^ Hence a spherical micelle model^[@ref57]−[@ref60]^ was utilized to fit all SAXS patterns recorded over longer time scales. Data fits were consistent with the formation of spheres with a *R*~s~ of 14.6 ± 4.3 nm and an *x*~sol~ of 0.87.

![SAXS patterns obtained for 1.0% w/w aqueous dispersions of G~58~H~250~ vesicles (originally prepared via PISA at 10% w/w copolymer in the absence of 18.4 nm silica nanoparticles). The G~58~H~250~ vesicles were cooled to 0 °C for 30 min with scattering patterns being recorded at 15 s intervals. Selected SAXS patterns recorded after various times at 0 °C are shown (for clarity, these patterns are shifted vertically by an arbitrary scaling factor). Owing to the relatively high signal/noise ratio, patterns recorded from 8.75 to 30 min were truncated at low *q*. Black open circles show the experimental data, and data fits are indicated by solid lines. Vesicles are present at 0 °C for up to 5 min (blue fits) but subsequently undergo dissociation to form worm-like micelles after 8.75 min (green fit), followed by formation of spherical micelle dimers after 10 min (orange fit) and spheres after 12.5 min (red fits).](ma-2017-00475c_0002){#fig2}

It is perhaps worth noting that the spherical dimers formed after 10 min have a significantly smaller *R*~s~ value compared to that obtained for the spheres formed after 12.5 min (11.2 ± 4.2 nm vs 14.6 ± 4.3 nm, respectively). This significant increase in *R*~s~ when going from spherical dimers to spheres can be rationalized by considering the spatial redistribution of copolymer chains that occurs during this transition (see [Figure S1](http://pubs.acs.org/doi/suppl/10.1021/acs.macromol.7b00475/suppl_file/ma7b00475_si_001.pdf)). This explanation also applies to the preceding worm-to-dimer transition. In this latter case, the *R*~wcs~ for the worms formed after 8.75 min at 0 °C is 9.0 ± 3.1 nm, which is significantly smaller than that for the dimers formed after 10 min.

For the SAXS patterns recorded after 0, 8.75, and 30 min at 0 °C, data fits using appropriate models enabled the mean aggregation number (*N*~agg~) for the vesicles, worms, and spheres to be determined using the following three equations:where , , and *V*~co~ is the volume of the hydrophobic PHPMA core-forming (or membrane-forming) block. Using the above three equations, we calculate approximately 49 900 copolymer chains per vesicle, 185 copolymer chains per worm, and 29 copolymer chains per sphere. Assuming that the main source of uncertainty arises from the standard deviation in the sphere radius, a conservative estimate for the uncertainty in the associated *N*~agg~ is approximately 32%. Significantly larger values are expected for the more polydisperse worms and vesicles. Nevertheless, the calculated *N*~agg~ values suggest that, on cooling to 0 °C, each vesicle dissociates to form 270 worms and, ultimately, 1750 spheres (thus each worm comprises approximately 7 spheres).

SAXS patterns recorded for G~58~H~250~ vesicles synthesized in the presence of 5.0% w/w silica indicate that silica-loaded vesicles are initially present at 25 °C while spheres are formed after 30 min at 0 °C (see [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}). This vesicle-to-sphere transition is accompanied by release of the encapsulated silica nanoparticles as confirmed by TEM studies (see [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}). Satisfactory fitting of the initial SAXS pattern recorded at 25 °C required a two-population "vesicle plus sphere" model (see [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acs.macromol.7b00475/suppl_file/ma7b00475_si_001.pdf) for further details of this SAXS model).^[@ref40]^ The parameters used to represent the sphere component of this model were derived from SAXS studies of the pristine silica nanoparticles alone ([Figure S5 and Table S2](http://pubs.acs.org/doi/suppl/10.1021/acs.macromol.7b00475/suppl_file/ma7b00475_si_001.pdf)). According to its manufacturer (AkzoNobel), approximately 50% of the surface silanol groups on the CC401 silica nanoparticles are glycerol-functionalized. This means that such silica sols are significantly less charged than conventional aqueous silica sols yet still exhibit some anionic character. Thus, depending on the surface charge density and background salt, it might be necessary to account for electrostatic interactions between silica nanoparticles when modeling the SAXS data. In principle, this correction requires a suitable Hayter--Penfold structure factor for charged particles.^[@ref61]^ However, SAXS studies of aqueous silica dispersions of varying concentration indicated that the well-known Percus--Yevick approximation^[@ref62]^ for hard (uncharged) spheres produced satisfactory SAXS data fittings ([Figure S5](http://pubs.acs.org/doi/suppl/10.1021/acs.macromol.7b00475/suppl_file/ma7b00475_si_001.pdf)) and physically realistic particle dimensions and silica volume fractions ([Table S2](http://pubs.acs.org/doi/suppl/10.1021/acs.macromol.7b00475/suppl_file/ma7b00475_si_001.pdf)). Thus the Percus--Yevick model is considered to be a sufficiently good approximation for structural analysis of the silica-loaded vesicles to determine silica volume fractions from the SAXS data. The silica-loaded vesicles had a mean *R*~m~ of 127.8 ± 30.5 nm, a *T*~m~ of 15.4 ± 2.2 nm, and an *x*~sol~ of 0.16. However, a two-population "spherical micelle^[@ref57]−[@ref60]^ plus sphere" model was required to obtain a reasonably good fit to the SAXS pattern observed after 30 min at 0 °C. Some deviation in the data fit was observed at around *q* ∼ 0.1 nm^--1^, which is ascribed to minor populations of dimers and trimers.^[@ref43]^ Such species can be observed in the TEM image shown in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}. As expected, the silica nanoparticles were unaffected by lowering the temperature because the *R*~s~ for this component remained constant at 9.2 ± 2.1 nm. The G~58~H~250~ spheres formed after 30 min at 0 °C exhibited an *R*~s~ of 14.6 ± 4.3 nm and an *x*~sol~ of 0.88, which are comparable values to those observed for the empty G~58~H~250~ vesicles. In summary, the thermally triggered morphological transition observed for the silica-loaded G~58~H~250~ vesicles prepared in the presence of 5.0% w/w silica nanoparticles is essentially identical to that found for the empty G~58~H~250~ vesicles.

![SAXS patterns obtained for a 1.0% w/w aqueous dispersion of purified silica-loaded G~58~H~250~ vesicles (originally prepared via PISA at 10% w/w copolymer in the presence of 5.0% w/w silica nanoparticles) at 25 °C (red data) and after cooling the same vesicles to 0 °C for 30 min (blue data). Solid black lines represent data fits in each case using a two-population SAXS model (see main text for details).](ma-2017-00475c_0003){#fig3}

In contrast, time-resolved SAXS patterns recorded for silica-loaded G~58~H~250~ vesicles prepared in the presence of 30% w/w silica nanoparticles indicate that the original vesicles remained intact after cooling to 0 °C for 30 min (see [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}). These observations are also supported by TEM studies (see [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}). However, the structure factor peak at *q* ∼ 0.25 nm^--1^ corresponding to the relatively high local concentration of encapsulated silica nanoparticles gradually disappears over time. This is consistent with release of the encapsulated nanoparticles, since this leads to a reduction in the effective silica concentration.

![SAXS patterns obtained for a 1.0% w/w aqueous dispersion of G~58~H~250~ vesicles (originally prepared via PISA at 10% w/w copolymer in the presence of 30% w/w silica nanoparticles). Excess nonencapsulated silica nanoparticles were removed via six centrifugation--redispersion cycles. The resulting purified silica-loaded G~58~H~250~ vesicles were cooled to 0 °C for 30 min while SAXS patterns were recorded at 15 s intervals. Only selected patterns recorded after various times at 0 °C are shown (for clarity, these patterns are shifted vertically by an arbitrary scaling factor). The experimental data are represented by black open circles while solid red lines show the data fits calculated using a two-population "vesicle plus sphere" model.](ma-2017-00475c_0004){#fig4}

Fitting the corresponding SAXS patterns requires a sophisticated model that accounts for both the G~58~H~250~ vesicles and the spherical silica nanoparticles (see [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acs.macromol.7b00475/suppl_file/ma7b00475_si_001.pdf) for further information).^[@ref40]^ In order to study the extent of silica release under such conditions, this "vesicle plus sphere" two-population model was modified to include two new fitting parameters. For the vesicle model, the effective scattering length density of the lumen, ξ~lum~, was included as a fitting parameter in order to assess the rate of silica release from the vesicles at 0 °C. The scattering length density of pure amorphous silica, ξ~SiO~2~~, is 17.5 × 10^10^ cm^--2^, and that of water, ξ~H~2~O~, is 9.42 × 10^10^ cm^--2^. At 25 °C, the vesicle lumen contains both silica nanoparticles and water. Fitting the SAXS pattern of the original silica-loaded vesicles indicates that ξ~lum~ is 11.75 × 10^10^ cm^--2^. This value is intermediate between that of silica and water, as expected. The numerical value of ξ~lum~ is gradually reduced over time at 0 °C (see [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}a and [Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}). For example, the ξ~lum~ decreased to 10.99 × 10^10^ cm^--2^ after 15 min at 0 °C and to 10.67 × 10^10^ cm^--2^ after a further 15 min. This reduction in X-ray contrast for the lumen confirms that the encapsulated silica nanoparticles are gradually released from the vesicles over time. Furthermore, these data suggest that initially the vesicle lumen contains approximately 29 vol % silica (with the remaining volume being water), which is reduced to 15 vol % silica after 30 min at 0 °C. This suggests that approximately 52% of the encapsulated silica nanoparticles are released under these conditions. However, the ξ~lum~ is an average over the entire lumen. It assumes that the silica nanoparticles (and hence the electrons) are uniformly distributed throughout the vesicle lumen, but in practice this may not be the case.

![(a) Plot of the scattering length density of the G~58~H~250~ diblock copolymer vesicle lumen (ξ~lum~) against time held at 0 °C (red circles). Inset: schematic cartoon illustrating how the release of silica nanoparticles from inside the vesicles changes the ξ~lum~ as the purified silica-loaded vesicles (originally prepared via PISA at 10% w/w copolymer in the presence of 30% w/w silica) are cooled to 0 °C for 30 min. (b) Plot of the total volume fraction of silica in the system (blue triangles corresponding to left-hand *y*-axis), the volume fraction of released silica (red squares corresponding to left-hand *y*-axis), and the amount of released silica (green diamonds corresponding to right-hand *y*-axis) against the time at which the purified silica-loaded G~58~H~250~ diblock copolymer vesicles (originally prepared with 30% w/w silica) were cooled at 0 °C.](ma-2017-00475c_0005){#fig5}

###### Summary of SAXS Structural Parameters Obtained for Diluted 1.0% w/w Aqueous Copolymer Dispersions of Purified G~58~H~250~ Vesicles (Originally Prepared via PISA at 10% w/w Copolymer in the Presence of 30% w/w Silica) When Cooled to 0 °C for 30 min[a](#tbl1-fn1){ref-type="table-fn"}

         population 1 (vesicles)[b](#t1fn1){ref-type="table-fn"}   population 2 (silica nanoparticles)[c](#t1fn2){ref-type="table-fn"}                                 
  ------ --------------------------------------------------------- --------------------------------------------------------------------- --------- ----------- ------- -----
  0      141.0 (26.7)                                              11.75                                                                 0.00114   0.0000319   0.195   113
  2.5    148.3 (33.3)                                              11.36                                                                 0.00112   0.0000477   0.175   127
  5.0    149.9 (32.8)                                              11.26                                                                 0.00115   0.0000734   0.175   130
  7.5    150.3 (32.7)                                              11.16                                                                 0.00115   0.0000736   0.177   132
  10.0   150.9 (31.4)                                              11.20                                                                 0.00119   0.0000830   0.150   136
  12.5   149.5 (31.7)                                              11.12                                                                 0.00119   0.0000908   0.131   134
  15.0   149.1 (33.8)                                              10.99                                                                 0.00121   0.0002213   0.114   148
  17.5   149.3 (34.0)                                              10.87                                                                 0.00121   0.0002547   0.086   158
  20.0   149.8 (33.3)                                              10.75                                                                 0.00121   0.0003959   0.069   170
  22.5   147.3 (36.2)                                              10.73                                                                 0.00123   0.0004388   0.063   181
  25.0   149.0 (33.6)                                              10.85                                                                 0.00130   0.0005559   0.066   156
  27.5   150.7 (33.3)                                              10.71                                                                 0.00127   0.0007022   0.048   161
  30.0   146.7 (39.0)                                              10.67                                                                 0.00132   0.0009038   0.066   251

Scattering patterns were recorded every 15 s. Selected SAXS patterns recorded after 2.5 min intervals at 0 °C were analyzed using a two-population model comprising vesicles and spheres, with the latter component representing the silica nanoparticles. Vesicle parameters for population 1 are as follows: *R*~m~ is the mean radius from the center of the vesicle to the center of the membrane, σ~*R*~m~~ is the associated standard deviation, and ξ~lum~ is the scattering length density of the vesicle lumen. Sphere parameters for population 2 are as follows: *C*~SiO~2~~ is the total volume fraction of silica nanoparticles in the aqueous dispersion, *C*~rel~ is the volume fraction of released silica nanoparticles, *f*~PY~ is the Percus--Yevick effective volume fraction of the packed silica spheres, and *R*~PY~ is the Percus--Yevick correlation radius of the packed spheres.

The copolymer volume fraction in the dispersion (*C*~copolymer~), the membrane thickness (*T*~m~) and its associated standard deviation (σ~*T*~m~~), and the radius of gyration of the PGMA corona block (*R*~g~) were each fixed at 0.001, 15.9, 2.2, and 2.3 nm, respectively.

The core radius (*R*~SiO~2~~) and its associated standard deviation (σ~*R*SiO~2~~) were fixed at 9.2 and 2.1 nm, respectively.

For the sphere model, two subpopulations are used to model the silica component for the release kinetics: the silica nanoparticles released from the vesicles are described by a spherical form factor while the silica nanoparticles remaining within the vesicle lumen are described by a sphere model with a structure factor for interacting hard spheres. The relative contributions made to the overall scattering by these two subpopulations were used to determine the fraction of encapsulated silica nanoparticles at any given time interval (see [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acs.macromol.7b00475/suppl_file/ma7b00475_si_001.pdf), eq S10). The volume fraction of released silica, *C*~rel~, was included as a fitting parameter.

*C*~rel~ increased from an initial value of 3.19 × 10^--5^ at 0 °C to 9.04 × 10^--4^ after 30 min at this temperature (see [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}b and [Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}). As expected, the overall silica volume fraction in the dispersion, *C*~SiO~2~~, remains essentially constant, which validates this analytical approach (see [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}b and [Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}). SAXS analysis indicates that 68% silica is released from the silica-loaded vesicles within 30 min at 0 °C. This is reasonably comparable to the release of 52% silica estimated by fitting ξ~lum~ under the same conditions.

As discussed above ξ~lum~ is averaged over the entire vesicle lumen, so the silica volume fraction obtained from the measurements of *C*~rel~ is considered to be more accurate. Furthermore, the Percus--Yevick correlation radius for densely packed spheres (*R*~PY~) was initially 113 nm at 0 °C and 251 nm after 30 min at 0 °C (see [Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}). This suggests that the released silica nanoparticles become well-dispersed in the aqueous continuous phase after vesicle dissociation occurs. Moreover, the Percus--Yevick effective volume fraction for packed spheres, *f*~PY~, is reduced from 0.195 to 0.066 (see [Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}), thus confirming partial release of the silica nanoparticles from the vesicle lumen.

In summary, the silica nanoparticles are initially relatively densely packed within the vesicles at 25 °C, which leads to a prominent structure factor, a high ξ~lum~, a small *C*~rel~, a short *R*~PY~, and a large *f*~PY~. After 30 min at 0 °C, a substantial fraction of the encapsulated silica nanoparticles are released from the slowly dissociating vesicles, leading to loss of the original structure factor, a lower ξ~lum~, a larger *C*~rel~, a larger *R*~PY~, and a smaller *f*~PY~.

Discussion {#sec4}
==========

One important question that arises from this study is the following: how do the encapsulated silica nanoparticles get released if the vesicles sometimes apparently remain intact? In principle, one plausible explanation is that the smaller vesicles dissociate preferentially compared to the larger vesicles because the former species have a higher radius of curvature. If such size-dependent dissociation occurred, the mean vesicle diameter should increase with aging time at 0 °C with a concomitant reduction in the vesicle number density. The latter parameter can be estimated using the X-ray scattering intensity at 0.01 nm^--1^ and does indeed decrease approximately two-fold (from ∼16 000 to ∼7000 cm^--1^; see [Figure S2](http://pubs.acs.org/doi/suppl/10.1021/acs.macromol.7b00475/suppl_file/ma7b00475_si_001.pdf)). However, the mean vesicle radius, *R*~m~, remains relatively constant at ∼149 nm for the G~58~H~250~ vesicles, regardless of their aging time at 0 °C (see [Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}). This suggests that vesicle dissociation is not in fact size-dependent.

An alternative explanation is that all vesicles, regardless of their size, eventually comprise perforated (and hence permeable) membranes while remaining intact, enabling silica nanoparticles to diffuse out through the increasingly porous membrane. As discussed above, TEM images suggest that the vesicles do indeed remain intact and there is also good evidence for membrane perforation. Moreover, close inspection suggests that the pore dimensions are comparable to the number-average diameter of the silica nanoparticles (estimated to be 13 ± 3 nm by measuring 100 nanoparticles). Hence, in principle, the silica nanoparticles can escape from the vesicles if membrane perforation becomes extensive. However, this hypothesis does not explain the apparent reduction in vesicle number density indicated in the SAXS studies, unless this is actually an artifact related to membrane perforation.

Moreover, neither hypothesis explains why G~58~H~250~ vesicles readily dissociate to form spheres in the absence of any silica nanoparticles yet do not apparently undergo dissociation at all if they contain relatively high silica loadings. Thus, control experiments were performed to examine whether varying the silica nanoparticle concentration present in the continuous phase had any significant effect on the vesicle release kinetics or mechanism. Empty G~58~H~250~ vesicles prepared in the absence of any silica nanoparticles were added in turn to either a 5.0 or 30% w/w aqueous dispersion of silica nanoparticles. Each vesicle/silica binary mixture was then cooled to 0 °C for 30 min. TEM studies confirmed that the empty vesicles dissociated to form spheres, regardless of the background silica concentration (see [Figure S3](http://pubs.acs.org/doi/suppl/10.1021/acs.macromol.7b00475/suppl_file/ma7b00475_si_001.pdf)). Thus, the presence of silica in the aqueous continuous phase clearly does not confer additional vesicle stabilization.

According to a recent review article by Dimova, "*the bending rigidity of membranes is a sensitive indicator for the presence of inclusions or adsorbing species*".^[@ref63]^ Thus, an intriguing question is whether the encapsulated silica nanoparticles can somehow reinforce the vesicle membrane. At first sight, this tentative explanation looks rather attractive because the silica-loaded vesicles certainly become significantly more stable than empty vesicles when subjected to the same thermal trigger. Furthermore, higher silica loadings enhance the vesicle membrane stability with respect to the thermally triggered release of such nanoparticles. In principle, the silica nanoparticles may physically adsorb to the inner surface of the vesicle lumen, which is likely to reinforce the vesicle morphology. However, there is no direct experimental evidence to support this hypothesis, either in the TEM images or in the SAXS data collected at 25 °C. \[If silica nanoparticles did adsorb to the inner lumen, the most likely change in the SAXS pattern would be a more pronounced structure factor at intermediate *q*. Unfortunately, SAXS is not sufficiently sensitive to detect such local ordering.\]

The silica nanoparticle concentration within the vesicles also affects the characteristic time scale required for the observed morphological transitions. The X-ray scattering intensity at *q* ∼ 0.01 nm^--1^ was analyzed over time at 0 °C (see [Figure S4](http://pubs.acs.org/doi/suppl/10.1021/acs.macromol.7b00475/suppl_file/ma7b00475_si_001.pdf)). For the G~58~H~250~ vesicles prepared in the absence of any silica, the vesicle-to-sphere transition requires approximately 12 min for completion, whereas the same transition requires around 14 min for G~58~H~250~ vesicles prepared in the presence of 5.0% w/w silica. For G~58~H~250~ vesicles prepared in the presence of 10% w/w silica, the morphological transition from silica-loaded vesicles to worm clusters plus released silica requires approximately 16 min. For vesicles prepared in the presence of 20 or 30% w/w silica, the morphological transition to perforated vesicles requires around 21 and 23 min, respectively. These observations confirm that the silica nanoparticle loading achieved during the *in situ* PISA synthesis of these diblock copolymer vesicles has a significant influence on the thermal stability of the vesicular morphology.

Conclusions {#sec5}
===========

The thermally triggered release of silica nanoparticles encapsulated within G~58~H~250~ diblock copolymer vesicles has been studied. When silica-loaded vesicles are held at 0 °C for 30 min, TEM images suggest that the fundamental nature of the vesicle dissociation is profoundly affected by the concentration of silica nanoparticles within the lumen. For PISA syntheses conducted in the presence of either no silica or 5.0% w/w silica, the expected vesicle-to-sphere transition is observed. When using 10% w/w silica, the silica-loaded vesicles form aggregated worm clusters on cooling. For 20 or 30% w/w silica, vesicle membranes gradually become perforated, with at least some vesicles remaining intact after 30 min at 0 °C. In all cases, the encapsulated silica nanoparticles are released from the vesicles. Time-resolved SAXS experiments conducted at 0 °C allow the release kinetics to be examined. For empty G~58~H~250~ vesicles, the vesicles remain intact for 5 min, form worms after 8.75 min, spherical dimers after 10 min, and finally spheres after 12.5 min. Fitting selected SAXS patterns using an appropriate model enables mean aggregation numbers to be calculated for each morphology, with each vesicle dissociating to afford approximately 1750 spheres. For G~58~H~250~ vesicles prepared in the presence of 30% w/w silica, time-resolved SAXS experiments conducted at 0 °C suggest that most of the vesicles remain intact. However, the disappearance of the silica structure factor present in the original SAXS pattern indicates that the encapsulated silica is released, presumably through perforated vesicle membranes. Data fits for selected SAXS patterns revealed that the scattering length density of the vesicle lumen is reduced monotonically over time for silica-loaded vesicle dispersions held at 0 °C. More detailed analysis revealed that 68% of the encapsulated silica nanoparticles were released within 30 min under these conditions.

The Supporting Information is available free of charge on the [ACS Publications website](http://pubs.acs.org) at DOI: [10.1021/acs.macromol.7b00475](http://pubs.acs.org/doi/abs/10.1021/acs.macromol.7b00475).Cartoon depicting the change in dimensions that occur when the G~58~H~250~ worms are converted into first spherical dimers and then spheres on cooling to 0 °C, variation in X-ray scattering intensity with aging time, TEM images obtained for control experiments whereby silica nanoparticles were added to empty vesicles, characteristic time required to undergo the observed change in morphology against initial silica concentration, and details of SAXS models ([PDF](http://pubs.acs.org/doi/suppl/10.1021/acs.macromol.7b00475/suppl_file/ma7b00475_si_001.pdf))
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